. Model for the Intracellular Organization of the Endocytic Pathway of a Mammalian Cell, Based on Reports at the Meeting Entry into the cell is mediated by caveolae, nonclathrin-coated vesicles (N-CCV), clathrincoated pits and vesicles (CCP and CCV), macropinosomes, and phagosomes. The formation of phagosomes requires the Tyr kinase Syk. The clathrin-coated vesicles that bud from the plasma membrane are coated with AP-2 adaptors as well as clathrin, and their formation is regulated by the GTPase dynamin. These vesicles deliver their cargo to early endosomes (EE), a process controlled by the small GTPase Rab5. Rab5, acting through its effector rabaptin-5, also regulates the homotypic fusion between early endosomes (not shown in the scheme). Receptors that are recycled back to the plasma membrane transit through a recycling endosome (RE) that is enriched in TRs and in the SNARElike protein cellubrevin. Whether this is a subcompartment of the early endosome or a distinct compartment, as drawn here, is not clear. Rab4 is proposed to control access into the recycling endosome. Myr4 and calmodulin are implicated in the function of early endosomes in polarized epithelial cells, possibly by controlling sorting to the recycling endosome. MPRs, together with the small GTPase ARF1, promote the recruitment of AP-1 adaptors onto the TGN and drive the assembly of clathrin-coated vesicles from this compartment. ARF6 appears to recruit a novel nonclathrin coat onto early endosomes. Transport from the early endosome to the late endosomes (LE) is mediated by ECVs, whose formation requires the coatomer coat protein ␤-COP. ECVs are attached to microtubules via the linker protein CLIP170. The calcium-binding proteins annexins are implicated in the organization of the endocytic pathway, and different members of the family are associated with different endosomal compartments. Phagosomes appear to fuse sequentially with all elements of the endocytic pathway, early endosomes, late endosomes, and lysosomes, probably using the same machinery that controls homotypic and heterotypic fusion events between these compartments.
Cambridge, United Kingdom) and colleagues have flies are incubated at a nonpermissive temperature, within seconds they become paralyzed because they swapped domains between subunits of the AP-1 and AP-2 adaptor complexes and have found that adaptors are unable to recycle synaptic vesicle membrane at the neuromuscular junction. S. Schmid (Scripps Clinic and contain at least two such targeting signals, which may bind to different components of the putative receptors.
Research Foundation, La Jolla, California) has now transplanted the Drosophila shibire mutation into mamResults from in vitro studies indicate that adaptor recruitment is a relatively complicated event. The presmalian dynamin and has generated temperature-sensitive cells in which the coated vesicle cycle can be ence or absence of cargo molecules can affect the amount of recruitment (see below), and there is also blocked instantaneously. Selective uptake of transferrin is abolished upon temperature shift, but fluid phase enevidence for regulation by the ADP-ribosylation factor (ARF) family of small GTP-binding proteins. ARF1 primes docytosis continues, initially at 50% the normal rate, but within 30 min it reaches wild-type levels. This rapid and the TGN membrane for AP-1 recruitment, while the relevant ARF for AP-2 recruitment has still not been identivery accurate response indicates that endocytosis is required for more than just selective internalization of fied. P. Peters (Universiteit Utrecht, The Netherlands) has investigated the potential role of the most divergent extracellular ligands, and it suggests that a more fundamental role for endocytosis may be as a means of balof the ARFs, ARF6, in endocytosis. The protein is clearly involved in the endocytic pathway, since overexpression ancing membrane traffic between the cell surface and intracellular compartments, thus keeping the size of of mutant forms of ARF6, predicted to be defective in either GTP hydrolysis or GTP binding, inhibit endocytoeach compartment more or less constant. sis and membrane recycling, respectively. In addition, expression of the GTP-binding mutant causes the cell
Nonclathrin-Mediated Endocytosis
Other methods have also been described for switching to accumulate endosomal membranes covered with a nonclathrin coat, a surprising finding in view of the fact off clathrin-mediated endocytosis, although these do not work as rapidly as dynamin inactivation: K ϩ deplethat, in all other cases, nucleotide binding has been found to be essential for coat assembly. However, it is tion, hypertonicity, and cytosol acidification. K. Sandvig (Norwegian Radium Hospital, Oslo) has made use of still not clear whether the recruitment of this coat is a direct or an indirect effect of expression of the ARF6 cytosol acidification to study the regulation of clathrinmediated and nonclathrin-mediated endocytosis and mutant.
There is at least one more component of the clathrinfinds that the nonclathrin-mediated pathway appears to be more easily perturbed, at least on the apical side of coated vesicle machinery: dynamin. This protein is required for coated pits to pinch off as coated vesicles, MDCK cells, than the clathrin-mediated pathway, responding to drugs that affect protein kinase C, phosphoa function that was discovered through studies on Drosophila with a temperature-sensitive mutation in their lipase A, and calmodulin. What purpose might the nonclathrin-mediated pathway serve, other than controlling dynamin gene, shibire (Gugliatti et al., 1973) . When these the size of the plasma membrane? Although most extrasupports the idea that the high ratio of volume to surface area that these large vesicles offer may be particularly cellular ligands are thought to use clathrin-coated vesicles for their internalization, one ligand that appears to useful for sampling the extracellular environment, especially by cells involved in immune responses. Thus, macuse the nonclathrin-mediated pathway for its uptake is interleukin-2 (IL-2). A. Dautry-Varsat (Institut Pasteur, ropinocytosis has been shown to be used for the capture and presentation of endocytosed antigens on class II Paris) reported that the IL-2 receptor in leukocytes is still efficiently internalized after K ϩ depletion, while in major histocompatibility complex (MHC) molecules (Sallusto et al., 1995) , and at the meeting, evidence was the same cells the rate of endocytosis of the transferrin receptor (TR) is severely reduced.
presented suggesting that this pathway may also be used to allow endocytosed proteins to be presented on The prevailing view is that clathrin-mediated and nonclathrin-mediated endocytosis normally occur in parallel class I MHC molecules. Class I is more commonly used to present cytosolic proteins, but C. Watts (University and that the nonclathrin-mediated pathway can be up-regulated when the clathrin-mediated pathway is of Dundee, United Kingdom) and colleagues showed that endocytosed proteins are capable of leaving the switched off. An alternative view was proposed by P. Courtoy (Université Catholique Louvain, Brussels), who macropinosome unscathed instead of being degraded in lysosomes (their more usual fate), and in this way suggested that both pathways use the same (as yet unidentified) mechanism for budding and that clathrin become cytosolic proteins available for class I presentation. Whether this pathway is used to transfer macromoland adaptors merely serve to trap specific membrane proteins and their ligands in the vesicle. However, coats ecules into the cytoplasm for other purposes as well is still unknown. have been shown to be essential for vesicle budding in the secretory pathway, so it seems unlikely that the Studies on membrane traffic have benefited enormously from the application of yeast genetics (reviewed plasma membrane would be able to bud without some sort of scaffold. Caveolae may be responsible for at by Pryer et al., 1992) , and H. Riezman (University of Basel, Switzerland) has used this approach to investileast some of the nonclathrin-mediated endocytosis in the cell. While the exact function of caveolae remains gate the endocytic pathway, focusing in particular on internalization of the ␣-factor receptor. It is not yet clear unclear, recent work has provided some insights into the biogenesis of these enigmatic structures. The best which of the mammalian pathways the yeast pathway most resembles. On the one hand, actin, actin-binding marker for caveolae is VIP21-caveolin (V-caveolin), an integral membrane protein that is densely packed within proteins, and sphingolipids are all required for endocytosis in yeast, suggesting perhaps a caveolae-like mechthe caveolar membrane. A. Fra (European Molecular Biology Laboratory [EMBL] , Heidelberg, Federal Repubanism since these molecules are also implicated in caveolar function; on the other hand, there are also relic of Germany; Fra et al., 1995) presented studies showing that expression of V-caveolin in a lymphocyte cell quirements for clathrin heavy chain and for a protein with homology to the mammalian dynamin-binding protein line that normally lacks this protein and that has no caveolae (as defined morphologically) causes plasma amphiphysin, suggesting a clathrin-mediated mechanism. At the meeting Riezman presented findings on the membrane invaginations to form that appear identical to the endogenous caveolae of other cells and that, like role of another highly conserved protein, ubiquitin, in the yeast endocytic pathway. His results indicate that endogenous caveolae, are able to concentrate antibody-clustered GPI-anchored proteins. T. Kurzchalia the ␣-factor receptor needs to be ubiquitinated on its cytoplasmic domain for its endocytosis, a prerequisite (Max Delbruck Center for Molecular Medicine, Berlin) has investigated the molecular properties of V-caveolin for its degradation within the vacuole (the yeast equivalent of the lysosome), and there are suggestions that a in vitro and finds that it forms oligomers and interacts with cholesterol, properties that are likely to be imporsimilar mechanism might be used for certain receptors in animal cells. Ubiquitination is known to lead to protein tant in the biogenesis of caveolae in vivo. However, caveolae cannot account for all clathrin-independent degradation via a nonlysosomal pathway, but these findings suggest a more general role for ubiquitination in all endocytosis: the IL-2 receptor must be internalized by a different route, since lymphocytes do not express degradation pathways, lysosomal as well as nonlysosomal. V-caveolin.
One feature that clathrin-coated vesicles, caveolae, The various types of endocytosis discussed above all fall into the category of pinocytosis, or cellular drinking. and nonclathrin-coated vesicles have in common is that their sizes are all tightly controlled: caveolae are 50-80
Phagocytosis, or cellular eating, was discovered long before pinocytosis, but its molecular basis is only now nm in diameter, clathrin-coated vesicles are 100-150 nm in diameter, and nonclathrin-coated vesicles are beginning to be understood. Phagocytic cells such as macrophages bind to antibody-coated particles via their generally somewhere in between. Much larger endocytic structures of ‫2-5.0ف‬ m diameter, called macropinosurface Fc receptors, and this interaction triggers the cell to extend pseudopods around the particle and evensomes, are also able to form in certain cell types. Macropinosomes mainly form at the leading edge of the cell tually engulf it. Actin assembly is essential for phagocytosis to occur, and S. Silverstein (Columbia University, where membrane ruffling occurs, and they can be induced by treating the cells with growth factors or phorNew York) has found that Tyr kinase activity is also required. Among the substrates that become phosphorbol esters or by inducing the expression of v-src (P. Courtoy, Universite Catholique Louvain). Their function ylated are some of the actin-associated proteins that are also found in focal adhesions; however, the relevant has until recently been obscure, but increasing evidence kinase appears to be not the focal adhesion kinase, but and basolateral endosomes can rather be viewed as a Syk. Coexpression of Syk and a suitable receptor can unique, dynamic endosomal compartment that is comturn a normally nonphagocytic cell into a phagocyte, petent for polarized sorting of apical and basolateral thus providing a model system for investigating the markers. events that lead to phagocytosis in further detail. An-
The two plasma membrane compartments of epitheother promising system for looking at phagocytosis was lial cells contain not only different proteins but also difdescribed by Gareth Griffiths (EMBL). This system inferent lipids: glycosphingolipids are enriched on the apivolves feeding the phagocytes latex beads that can then cal plasma membrane, whereas phospholipids are be isolated at various time points by flotation. These enriched basolaterally. This asymmetric distribution, membrane-coated beads can be used to study not only however, is not an absolute property of all sphingolipids: early events in phagocytosis, but also later events that G. van Meer (University of Utrecht) reported that in occur as the phagosome matures. Although phagocyto-MDCK cells, galactosylceramide, digalactosylceramide, sis and pinocytosis use different mechanisms for entry and sulfatide are twice as concentrated basolaterally into the cell, their later stages are remarkably similar, relative to apically as glucosylceramide. Surprisingly, making use of many of the same compartments and the sorting between sphingolipids was unable to be desame molecules, as discussed below.
tected in the transcytotic pathway. This means that lipid transcytosis reflects bulk membrane flow and thus that sphingolipid probes can be used for quantitative meaEarly Endosomal Compartments surements of this pathway. Following internalization from the surface, membrane A number of the talks and posters presented at the proteins, lipids, and solutes enter early sorting endomeeting illustrated how morphological studies of endosomes. This compartment is morphologically defined as cytic organelles have been greatly facilitated by the consisting of vacuoles, cisternae, and tubules. From availability of expression systems for producing high here, some endocytosed receptors that are sorted back levels of marker proteins (e.g., TR) and by improved to the plasma membrane, such as TR, also pass through techniques for analyzing the labeled structures. Howa separate, highly tubulated recycling compartment.
ever, despite these technical developments, the boundWhile the sorting endosomes are spread throughout the aries between compartments of the endocytic pathway cortical cytoplasm of the cell, in many cell types the remain difficult to trace. There are several reasons for recycling compartment is located in the peri-Golgi rethis. First, the movement of the internalized markers is gion, juxtaposed to the Golgi stack and the TGN.
often not synchronous enough to follow their progresAn additional layer of complexity is added to the orgasion through individual membrane compartments. Secnization of the endocytic pathway in polarized epithelial ond, the segregation between compartments is more cells. These cells have to face two distinct extracellular difficult to appreciate if the three-dimensional organizaenvironments, and morphological observations using tion of the compartments is exceedingly complex: for fluid phase tracers have indicated that two separate and instance, early endosomes consist of tubular, cisternal, functionally distinct types of endosomes underlie the and vesicular domains. Third, the endocytic organelles apical and basolateral plasma membrane domains (Parare highly dynamic, and their structure is continuously ton et al., 1989). These findings have been supported remodeled, as visualized by J. Heuser (Washington Uniby in vitro studies indicating that apical endosomes can versity, St. Louis, Missouri) in a remarkable series of fuse with each other but not with basolateral endosomes video microscopic observations. These video images (Bomsel et al., 1989) . However, although earlier studies showed striking sequences of membrane tubulation as failed to show any mixing between the contents of apical well as fusion and fission events. The movement of globand basolateral endosomes, C. Hopkins (University Colular endocytic structures along tubular connections was lege London) has now revisited the endocytic pathway also observed, much in compliance with earlier observain polarized MDCK cells and has proposed an alternative tions by Hopkins et al. (1990) . Obviously, these dynamic scenario. Using a Rous sarcoma virus-based expresfeatures complicate the interpretation of static morphosion system to produce high levels of TR, a marker of logical images. the basolateral plasma membrane and endosomes, he
To understand the complex organization of the endofound that 10% of total TR was present on the apical cytic pathway, it will be essential to establish a relationsurface, and iodinated transferrin internalized from the ship between a morphological description and a bioapical side was able to saturate the total pool of recepchemical definition of the various components of the tors within 120 min. By electron microscopy, TR labeled transport machinery. An ever-growing set of factors has with gold and internalized apically was found to meet emerged whose role is to regulate transport along the TR tracers endocytosed basolaterally in a common comendocytic pathway. Some of these factors appear to be partment. This compartment also contained polymeric used at multiple stages and are required not only for immunoglobulin A (IgA) receptor, a protein known to be the endocytic pathway but also for the secretory pathtranscytosed from the basolateral to the apical side of way. For instance, NSF (the N-ethylmaleimide [NEM]-the cell. Therefore, although preferentially basolateral, sensitive fusion protein), the NEM-sensitive fusion proa substantial fraction of TR can reach the apical plasma tein originally identified as being required for transport membrane and shuttle between the apical and basolatthrough the Golgi apparatus (Rothman, 1994) , is now eral domains. These experiments indicate that mixing known to be used for other fusion events as well. P. of content between apical and basolateral endosomes can occur, and Hopkins has proposed that the apical Woodman (University of Manchester, United Kingdom) presented evidence at the meeting showing that fusion by Stahl. Wortmannin, an inhibitor of PI 3-kinase, was found to inhibit early endosome fusion, and this inhibibetween endosomes requires NSF, although there appear to be additional (as yet unidentified) NEM-sensitive tion could be rescued by expression of the GTPasedeficient Rab5(Q79L) mutant, suggesting that PI 3-factors also needed. The soluble NSF attachment proteins, or SNAPs, which facilitate the binding of NSF to kinase somehow regulates the activity of the Rab5-dependent fusion machinery. The effect of Wortmannin membranes, also appear to be used at multiple stages, while the SNAP receptors, or SNAREs, are specific for on the endocytic pathway was also illustrated by P. Luzio (University of Cambridge), who reported a striking each step. Cellubrevin, for instance, is a vesicle-associated SNARE (v-SNARE) specifically involved in transport swelling of late endosomal compartments but not lysosomes in response to the drug. The swollen structures from the recycling compartment to the plasma membrane.
appeared to be heterogeneous, as most were positive for either mannose 6-phosphate receptor (MPR) or The members of the Rab family of small GTPases are also compartment specific. Transport from the plasma lgp120 but not both. Wortmannin may act on trafficking from endosomes to the TGN or between endosomes and membrane to the early endosomes is controlled by Rab5, which also regulates the dynamics of early endolysosomes. The actual role played by PIs in membrane traffic is unknown at the moment, although these molesome fusion (Bucci et al., 1992 , 1993) . While it is possible that local changes in the concentration of these lipids may reported the identification of a novel 100 kDa protein, rabaptin-5, which specifically interacts with the GTPalter the structure of the lipid bilayer and facilitate the budding process (Ohashi et al., 1995) , the results prebound form of Rab5. Rabaptin-5 is a cytosolic protein that is recruited onto early endosomes by Rab5 in a sented at the meeting as well as reports in the literature (Jones and Clague, 1995) implicate PIs also in the dock-GTP-dependent manner. In vivo, overexpression of rabaptin-5 alone induces the expansion of early endoing/fusion process. How is transport regulated in the recycling pathway? somes, and immunodepletion of rabaptin-5 from cytosol inhibits Rab5-dependent early endosome fusion in vitro.
A different Rab protein, Rab4, is implicated in transport from early endosomes to the cell surface (van der Sluijs Rabaptin-5 thus appears to behave as a direct Rab effector. The membrane recruitment of rabaptin-5 by et al., 1992) . Is Rab4 associated with the recycling endosomes? P. van der Slujis (Universiteit Utrecht) reported Rab5 suggests functional similarities with other small GTPases of the Ras superfamily. Ras, for example, a detailed comparison of the localization of epitopetagged Rab4 and Rab5, based on confocal and electron serves as a membrane anchor for the Raf kinase in signal transduction, and ARF recruits coat proteins onto the microscopy studies. Rab4 only partially colocalized with Rab5, and many vesicular profiles contained only one of membrane in the process of vesicle budding. Therefore, small GTPases appear to share the function of acting the two proteins. Interestingly, the peri-Golgi recycling compartment labeled with fluorescein isothiocyanate as regulatable membrane anchors. It will be interesting to see which molecules rabaptin-5 interacts with in the (FITC)-transferrin internalized for 15 min was Rab4 negative but enriched in the v-SNARE cellubrevin. The picprocess of membrane docking and fusion. Rabaptin-5 displays coiled-coil domains that are likely to bind other ture emerging from these studies suggests that Rab4 acts prior to this compartment, perhaps regulating the coiled-coil proteins. Candidates include SNAREs as well as other cytosolic factors that are implicated in memtransport from the sorting endosomes to the recycling endosomes. These data provide further evidence for a brane traffic and genetically interact with Rab proteins in yeast.
compartmentalization of the endocytic/recycling pathway. Which Rab protein may connect the peri-Golgi Rab5 also plays a role in the fusion of phagosomes with endosomes. Using phagosomes isolated from cells recycling compartment with the cell surface is not yet known. Several candidates exist that are associated that had been allowed to internalize latex beads (see above), Griffiths (EMBL) and colleagues were able to with endocytic structures (Zerial and Stenmark, 1993), reconstitute phagosome-endosome fusion in vitro, and but their function in the pathway has still to be deterfound that this process is inhibited by the addition of mined. purified RabGDI, which increases the ratio of soluble relative to membrane-associated Rabs, but stimulated Beyond the Early Endosome by Rab5 complexed to RabGDI. Similar results on the From early endosomes internalized molecules can prorole of Rab5 in phagosome-endosome fusion were receed to further stations along the endocytic pathway, ported by P. Stahl (Washington University), who further late endosomes and lysosomes, to be degraded. J. demonstrated that phagosomes containing living ListeGruenberg (University of Geneva, Switzerland) has deria monocytogens displayed a higher propensity to fuse veloped an in vitro assay that reconstitutes the formation with endosomes than phagosomes containing the inacof transport intermediates between early and late endotivated pathogen, a property that appeared to correlate somes. These structures, termed endosomal carrier veswith the level of Rab5 on these membranes.
icles (ECVs), can fuse with late endosomes in a microtu-A connection between Rab5 and phosphatidylinositols (PIs) was suggested by additional studies reported bule-dependent fashion but not with early endosomes or with each other. Formation of ECVs from early endothe interaction between ECVs and late endosomes, both in vivo and in vitro. CLIP170 is a protein required for the somes requires cytosol and ATP and is inhibited by GTP␥S. ECVs lack early endosome markers (TR and binding of ECVs to microtubules (Pierre et al., 1992) , and T. Kreis (University of Geneva) showed that this Rab5), but can be labeled with antibodies against ␤-COP, a subunit of the coatomer coat protein complex interaction is negatively regulated by a microtubuleassociated kinase that phosphorylates CLIP170 on Ser originally thought to be associated only with the Golgi apparatus. ECV formation is blocked by anti-␤-COP antiresidues and prevents the protein from binding to the microtubules. Normally, CLIP170 associates with the bodies, and the inhibition can be rescued by addition of purified coatomer. Altogether, these data suggest plus end of microtubule; however, a C-terminal truncation of CLIP170 leads to a localization of CLIP170 along that coatomer plays a role in the generation of vesicular structures not only in the biosynthetic pathway but also the entire microtubule length. The microtubule-binding domain of CLIP170 is therefore located to its N-terminus from the early endosomes. Interestingly, inactivation of the proton pump vacuolar ATPase with bafilomycin A1, whereas the membrane-binding and regulatory region is at the C-terminal end. This domain organization was which impairs transport between early and late endosomes, concomitantly causes the dissociation of ␤-COP exploited to produce dominant competitors of CLIP170 defective in microtubule or membrane binding. Cells from the early endosomes. These data raise the possibility that a pH sensor controls the recruitment of coatomer expressing such mutants as well as cells microinjected with antibodies raised against the C-terminal domain on the endosome membrane.
Annexins are also implicated in the endocytic pathof CLIP170 acquired resistance to vesicular stomatitis virus infection. Since viral nucleocapsid release deway. These are soluble proteins that associate with the membrane via their Ca 2ϩ -binding sites formed by (generpends on an acidic (endosomal) environment, these results suggest that CLIP170 is specifically required for ally four) repetitive sequence elements. V. Gerke (University of Mü nster, Federal Republic of Germany) presented transport from early to late endosomes. subcellular fractionation data showing that in BHK cells, annexins I and II are enriched on early endosomes, while
A Meeting of Two Pathways
Trafficking between the Golgi complex and endosomes annexins IV and VI are more widely distributed. Annexins II and VI remain membrane associated even in the aballows communication between the biosynthetic and the endocytic pathways. Golgi to endosome traffic is medisence of Ca 2ϩ , while the association of annexins I and IV with membranes is strongly Ca 2ϩ dependent. N-terminal ated by clathrin-coated vesicles, which form when AP-1 adaptors and clathrin are recruited onto the TGN deletion mutants were generated in annexin I, and some of these constructs were found to cofractionate with membrane. The resulting carrier vesicles transport cargo molecules, mostly lysosomal enzymes bearing late endosomes and ECVs instead of primarily with early endosomes. The use of these mutants should provide the mannose 6-phosphate recognition marker, towards the endocytic pathway. B. Hoflack (EMBL) presented insights into the role of this class of proteins, whose functions until now have remained somewhat obscure evidence that the cargo itself plays a primary role in regulating coat assembly. Recruitment of AP-1 onto the (Gruenberg and Emans, 1993) . Certainly, Ca 2ϩ has been implicated in a number of membrane-trafficking events:
TGN membrane can be reconstituted in vitro using permeabilized cells. Studies on cells derived from knockout for instance, Gruenberg reported at the meeting that antagonists of calmodulin stimulate the homotypic mice lacking one or both MPR genes showed that MPRs contribute to the formation of high affinity AP-1-binding fusion between apical endosomes and between basolateral endosomes, as well as transport from early endosites on the TGN membrane in a process also requiring the small GTPase ARF1 or an ARF family member. Thus, somes to the transferrin-enriched recycling compartment, and some of these Ca 2ϩ effects may be annexin sorting of cargo (i.e., MPRs) is highly coupled to the first step of coat assembly. By reexpressing various deletion mediated. Interactions between annexins and the actin cytoskeleton have also been reported, and another of mutants of the cation-dependent MPR in MPR-negative cells, two distinct structural determinants in the cytothe recurring themes at the meeting was the involvement of actin and actin-binding proteins in the endocytic pathplasmic tail of the receptor were found to be necessary for its trafficking. The first is a casein kinase II phosphorway. Thus, Gruenberg presented evidence implicating the unconventional myosin Myr4 in transport from early ylation site that is critical for high affinity binding of AP-1. The second is an adjacent dileucine motif. However, the sorting endosomes to recycling endosomes, while Griffiths (EMBL) reported that the rate of phagosomelatter motif is not essential for AP-1 binding but probably necessary for a downstream sorting event. Multiple sigendosome fusion can be modulated by treatments that affect the actin cytoskeleton: fusion is inhibited by nals are therefore responsible for sorting the cationdependent MPR as it cycles between the exocytic and RhoGDI and stimulated by addition of the actin-severing fragment of gelsolin. endocytic pathways. Genetic screens in yeast have identified a number of Studies on the involvement of the actin cytoskeleton in membrane traffic are still in their early stages. In conmolecules involved in membrane traffic, and this approach has been particularly fruitful when applied to the trast, there is now a large body of evidence showing that microtubules play an important role in membrane Golgi to vacuole pathway. Over 50 genes have so far been found in Saccharomyces cerevisiae that act at traffic, acting as tracks along which carrier vesicles can move from one membrane compartment to another. For various stages of this pathway (Horazdovsky et al., 1995) , and at the meeting S. Emr (University of California, instance, microtubules have been shown to facilitate San Diego) described recent progress on three such support the idea that retrieval of synaptobrevin into synaptic vesicles probably occurs via TR-postive endogenes, VPS11, VPS18, and VPS28. Disruption of either VPS11 or VPS18, two genes encoding proteins that consomes, since the protein can be trapped in this compartment following uptake at 15ЊC. Incubation of this tain a Cys-rich zinc finger-like domain, results in temperature-sensitive growth, prevents sorting of both integral intermediate with brain cytosol results in the segregation of synaptobrevin away from TRs into a vesicle populamembrane proteins and soluble vacuolar hydrolases, and causes the loss of a normal vacuole and a reduction tion that cosediments with synaptic vesicles, thus providing an in vitro system that should facilitate the identifiin the rate of endocytosis. The protein products of these two genes are components of a hetero-oligomeric procation of cytosolic factors required for synaptic vesicle biogenesis. tein complex associated with the vacuole and also with a nonvacuolar organelle, suggesting that this complex
The endocytic compartments involved in antigen presentation most likely represent a further elaboration of may function in the transport of proteins from endosomes to the vacuole. Another protein that acts at a the basic endocytic pathway. During class II MHCrestricted antigen presentation to T lymphocytes, endoprevacuolar stage is Vps28p. vps28 mutant cells accumulate an endosome-like organelle, termed the class E cytosed proteins are only partially degraded and are then reexpressed on the cell surface bound to class II compartment, in which vacuolar and endocytic markers accumulate. By electron microscopy, structures con-MHC, thus helping to dispel the idea that proteolysis and recycling to the cell surface must be mutally exclusive sisting of concentric rings of cisternal membranes were observed in such cells. It is possible that this is a novel possibilities. H. Geuze (Universiteit Utrecht) reviewed the evidence for specialized endosomal compartments compartment that accumulates in vps28 mutants owing to the inefficient transport of both endocytic and biosynconsisting of multivesicluar and multilamellar bodies (MVBs and MLBs, respectively) called MIICs, where antithetic material out of the prevacuolar compartment.
Genetic studies on the fission yeast Schizosaccharogenic peptides may be captured by class II MHC molecules. These compartments are rich in class II MHC, as myces pombe have also provided insights into the endocytic pathway, in particular the role of Rab proteins. The well as in HLA-DM, a related molecule that boosts the removal of processed invariant chain fragments and that protein encoded by the S. pombe YPT5 gene is a close homolog of mammalian Rab5, even to the extent that is itself targeted to this compartment using a Tyr-based signal in the cytoplasmic tail (A. Kelly, Guys Hospital, Rab5 will rescue yeast with a deletion in YPT5. Cells lacking YPT5 are barely viable and have a block in endoLondon; Marks et al., 1995) . Newly synthesized class II is associated with another protein, invariant chain, which cytosis and no discernable vacuoles. J. Armstrong (University of Sussex, United Kingdom) reported the identifidissociates upon peptide binding. Invariant chain can be detected in the MVBs but not in the MLBs, and endocation of a second site supressor of the YPT5 deletion. Surprisingly, endocytosis was still defective in such cytosed antigens are found first in the MVBs and much later in MLBs. Taken together, these observations sugcells, although viability and normal vacuolar morphology were restored, indicating that Rab5 may have other gest that the multivesicular structures are the precursors of the multilamellar variety, a conclusion supported by functions in addition to its role in regulating incoming membrane traffic.
pulse/chase analysis of exogenous tracers in other cell types such as Hep2 (B. van Deurs, Panum Institute, Copenhagen).
Variations on a Theme
An MIIC subcompartment, the CIIV (for class II vesiClassical studies on the endodyctic pathway charactercle), has been isolated from a murine B lymphoma cell ized two fates for endocytosed proteins: return to the line by virtue of its pronounced anodal shift in free flow cell surface or degradation following transport to lysoelectrophoretic separations (I. Mellman, Yale University, somes. However, it is now clear that the endocytic pathNew Haven, Connecticut). Membrane immunoglobulin, way is more complex and that many cells have the capresumably targeted to this compartment following enpacity to sequester some endocytosed proteins into docytosis from the cell surface (Mitchell et al., 1995) , can specialized compartments from which they can be mobe found in the shifted fraction, along with its associated bilized to the cell surface when required. The tubulovesIg␣/Ig␤ heterodimer. Intriguingly, an additional protein icluar compartment containing the insulin-regulated gluof 50 kDa with immunological cross-reactivity to Ig␣ is cose transporter GLUT4, found in muscle and adipose also enriched in this vesicle population, although its tissue, is one such example, while the synaptic vesicles function is not yet known. of neurons and neuroendocrine cells are another. Nerve How peptide-loaded class II MHC molecules are terminals are "hotspots" of endocytosis, as discussed transported from MIICs, CIIVs, or both to the cell surface by R. Kelly (University of California, San Francisco), citis an unresolved issue of some interest, not least being the immediate paralysis seen in shibire ts Drosophila cause of their complex morphology and the apparent upon temperature shift as a dramatic illustration of the sequestration of class II MHC molecules on internal importance of endocytosis in neurons. One of the promembranes. Retrograde transport either through conteins that needs to be endocytosed at the nerve teminal ventional endosomes or via the Golgi apparatus are posis the v-SNARE synaptobrevin, and Kelly presented sible routes to the cell surface, but Geuze presented studies indicating that this protein may use distinct sigevidence for an alternative possibility involving direct nals for internalization and for subsequent incorporation fusion of MIICs with the cell surface. In this scenario, some peptide-loaded class II MHC molecules would be into synaptic vesicles. In vitro reconstitution studies incorporated into the plasma membrane, but others on uptake of transmembrane proteins from adjacent cells is a general phenomenon. internal vesicles would be apparently lost to the external medium. The immunological significance of this population of vesicles is not clear since it would seem that the Invasion by Pathogens attention of T lymphocytes should be focused on the Our appreciation of the capacity of foreign pathogens specific B cells that had captured and processed antito invade the endocytic pathway is as old as appreciagen and not on bystander cells that might passively tion of the pathway itself. Many key observations, startcapture shed class II MHC. Nonetheless, direct fusion ing with Metchnikoff's pioneering studies on phagocytoof endocytic/lysosomal compartments with the cell sursis in the last century, have exploited various pathogens, face has some precedent in the context of the cytotoxic including microbes, viruses, and microbial toxins, as granules found in CD8 ϩ killer T lymphocytes. Fusion tools to analyze endocytic pathways, and this theme of these so-called secretory lysosomes, which contain was still apparent at the meeting. Phagocytosis, whether perforin and granzymes, is triggered following contact of live pathogens, dead pathogens, or synthetic particuwith target cells bearing appropriate class I MHClate mimics of pathogens such as latex beads, must peptide complexes. The molecular details of this exoencompass several stages: particle binding to the cell cytic event are not yet known, but it appears to be surface, particle engulfment and, finally downstream disrupted in Chediak-Higashi syndrome. Gillian Griffiths processing of the phagosome. Phagosomes may have (University College London) has raised cytotoxic CD8 ϩ different fates depending on the nature of the phago-T cells from a patient with this condition and has shown cytic process, i.e., zippering versus triggering mechathat although the cells contain cytotoxic granules with nisms (Swanson and Baer, 1995) , on the signaling paththe normal complement of granzymes and perforins, ways activated during uptake, e.g., via ligation of Fc they fail to kill target cells and do not release granule receptors or alternatives such as integrins and on the content upon stimulation. Instead, the cells accumulate organism itself. Work from several labs strongly sug-"giant" granules, while in other cell types, giant lysomes gests that the survival of pathogens depends on their are formed.
ability to modulate the interaction of phagosomes with Some novel mechanisms of uptake, and some unexother elements of the endoycytic pathway and to control pected functions of endocytosis, were reported at the the composition of the phagosome membrane to the meeting by investigators working on invertebrates. C.
pathogen's advantage. One example of this is the inBailey (Columbia University) described studies on the creased rate of fusion observed between phagosomes sea slug Aplysia. Previous experiments had shown that containing live Listeria and endosomes (see above); internalization of cell adhesion molecules (ApCAMs) by another is the finding reported by C. de Chastellier (Fasensory neurons occurs during habituation, the process by which repeated weak stimuli render the animal unreculté de Medicine Necker-Enfants Malades, Paris) that phagosomes containing Mycobacterium avium can sponsive to further stimulation. This removal and subsequent redistribution of ApCAMs may allow the cell to avoid destruction by remaining in immature phagosomes, which can fuse with early endosomes but not remove old contacts and form new synapses (Hu et al., 1993) . Bailey has now examined sensory neurons with lysosomes, and by maintaining a relatively high pH. Unraveling the molecular details of phagosome proundergoing habituation by electron microscopy and reported a 10-fold increase in the number of clathrincessing will require detailed biochemical analysis of the phagosome membrane and reconstitution in vitro of the coated pits and vesicles forming at the cell surface after a suitable stimulus. Interestingly, these coated pits and key interactions that phagosomes make with other membranes and with the cytoskeleton. The studies devesicles were found to contain fragments of neighboring cells, presumably attached by ApCAM interactions.
scribed by Gareth Griffiths (EMBL), following uptake of latex beads by macrophage cell lines, will facilitate fuWhether a similar process occurs in mammalian neurons is still not known.
ture in vitro analysis of phagosomes occupied by "real" pathogens. Such studies will surely be necessary since, Endocytosis of patches of plasma membrane from another cell is also thought to occur in Drosophila, where as noted above, formation and downstream processing of phagocytic vacuoles is a very hetergenous process transmembrane receptors have been identified whose ligands are also transmembrane proteins, expressed on strongly influenced by the pathogen itself. As someone commented, the latex receptor remains to be identified! a different cell type. One example of this is the Sevenless protein, a tyrosine kinase expressed on the precursor of Nonetheless, phagosomes carrying such particles are processed actively by the cell and exhibit dynamic interphotoreceptor cell 7 (R7), which binds to and internalizes Boss, another integral membrane protein expressed on actions with other elements of the endocytic pathway identifiable at the biochemical level. One potential outphotoreceptor cell 8 (R8). This process is essential for normal development of the eye. H. Kramer (Southwestcome of such studies may be the development of novel therapeutic approaches; in addition, by learning how ern Medical Center, Dallas, Texas) has used the approach of screening for mutants to identify additional pathogens are able to modify the endocytic pathway, we may be able to learn more about how the pathway proteins required for internalization of the SevenlessBoss complex and has found that the protein product is regulated normally. For instance, an explanation of how Listeria stimulates the binding of Rab5 to the of the hook gene is also involved in this pathway. It will now be of interest to find out whether a similar protein phagosome membrane should help to elucidate how Rabs are recruited onto membranes in general. is found in other organisms and, furthermore, whether Fra, A., Williamson, E., Simons, K., and Parton, R.G. (1995) . De novo
